S E u N G H y u N S o N , E d d y C A R M A C K , A N d t E R R y E . W H I t L E d G E INtRoduCtIoN
As a result of climate warming, the surface of the perennial Arctic sea ice pack in summer is now being transformed from a network of closed, surface melt pools into one of holes that completely penetrate the ice. It has long been known that sea ice algae growth in early spring provides a crucial food source for microfauna (Apollonio, 1965; Alexander, 1980; Legendre et al., 1981; Horner and Schrader, 1982; Michel et al., 1996; Gosselin et al., 1997; Lizotte, 2001; Lee et al., 2008) . In previous years, with a colder Arctic and thicker perennial sea ice, summer surface melting formed only shallow, freshwater ponds on the sea ice surface without connection to the seawater below. However, higher temperatures over the past several decades have decreased sea ice extent and thickness and reduced the area of perennial sea ice (Vinnikov et al., 1999; Rothrock et al., 2003; Perovich and Richter-Menge, 2009; Perovich, 2011, in this issue) so that now the largely freshwater melt ponds are being transformed into holes. While melt ponds have recognized impacts on the physical environment, such as surface albedo (Lüthje et al., 2006) ABStR ACt. The retreat and thinning of Arctic sea ice associated with climate warming is resulting in ever-changing ecological processes and patterns.
One example is our discovery of myriad new "marine aquaria" formed by melt holes in the perennial sea ice. In previous years, these features were closed, freshwater melt ponds on the surface of sea ice. Decreased ice thickness now allows these ponds to melt through to the underlying ocean, thus creating a new marine habitat and concentrating a food source for the ecosystem through accumulation of algae attached to refreezing ice in late summer. This article describes the formation of these late-season algal masses and comments on their overall contribution to Arctic ecosystems and the consequences of a continued decline in sea ice. figure 1. Stations from the 3 rd Chinese National Arctic Research Expedition (CHINARE) and sea ice concentrations in August 2008. Sea ice data from Advanced Microwave Scanning Radiometer-Earth observing System (AMSR-E) instrument on the NASA Earth observing System (EoS) Aqua satellite. The sea ice image is a daily (averaged) Level-3 gridded product (AE_SI25) for concentrations at 25-km spatial resolution. Data were obtained from the National Snow and Ice Data Center (http://nsidc.org) and heat transmission (Inoue et al., 2008; Skyllingstad et al., 2009) , their role in the Arctic ecosystem is rarely studied (Gradinger, 2002 
MAtERIALS ANd MEtHodS
Carbon uptake rates were measured using a 13 C-15 N dual isotope tracer technique (Lee and Whitledge, 2005) . (Crumpton, 1987) . At least 300 cells were identified from each sample using a microscope (BX51, Olympus Inc., Tokyo), with a combination of light and epifluorescence microscopy at 400x for microplankton, and at 1,000x for autotrophic pico-and nanoplankton (Booth, 1993) . A JEOL JSM-5600LV scanning electron microscope (JEOL Inc., Tokyo)
was used for species that could not be identified with light microscopy.
RESuLtS ANd dISCuSSIoN
Melt ponds form in summer from melting snow and surface ice and can cover up to 80% of the Arctic sea ice surface (Lüthje et al., 2006) . Two types of pond features can be distinguished by color (Gradinger, 2002) . The algae grow downward, constrained by the shapes of the drainage channels.
Dense accumulations of algal masses form within the ice, with long strands extending into the water under the ice.
However, Garrison et al. (1983) Arctic cod (Boreogadus saida) (Lowry and Frost, 1981; Craig et al., 1982) ,
were thrown onto the ice by the ship's passage. Arctic cod is a key trophic link from primary producers/zooplankton to higher trophic levels including fish, birds, and mammals (Bradstreet et al., 1986; Gradinger and Bluhm, 2004) . It is the most widespread, abundant fish species in the Chukchi and Beaufort Seas (Lowry and Frost, 1981) , with reported occurrences to 88°N (Bradstreet et al., 1986) . Arctic cod associate with sea ice to avoid predators and to seek food (Bradstreet et al., 1986; Gradinger and Bluhm, 2004) . The algal masses and strands under ice in ponds provide a known food source for copepods and amphipods (Bradstreet and Cross, 1982; Werner, 1997; Poltermann, 2001; Budge et al., 2008) , which are the main prey of Arctic cod (Lowry and Frost, 1981; Gradinger and Bluhm, 2004) .
Climate change has decreased sea ice thickness up to 40%, and further thinning of ice is expected (Vinnikov et al., 1999; Laxon et al., 2003; Rothrock et al., 2003; Perovich and Richter-Menge, 2009 ). We propose two possible scenarios for melt pond evolution ( Figure 5 ). During a cold phase, increased perennial ice, thicker than 3-4 m, favors more
closed ponds than open ponds because thick ice restricts melting through to the sea during summer. In early fall, due to low salinity and freezing temperatures, these ponds form hard surface ice, which does not support algae. During warm periods, with less than 2 m of ice, ponds melt through to the underlying ocean (Fetterer, 1998) and develop a soft ice cover that hosts algae upon refreezing.
The ecological impact of ice algae in the Arctic has previously been thought to be its early appearance in spring, prior to a pelagic phytoplankton bloom, which serves as a first food source for zooplankton grazers (Michel et al., 1996; Lizotte, 2001; Lee et al., 2008 Pusan National University.
figure 5. Alternative scenarios for response of pond algae to climate changes in the Arctic.
